Alkylation of metal enolates is one of the most fundamental and frequently used reactions in organic synthesis. This reaction is generally accomplished by treating various metal enolates with alkylating reagents such as alkyl halides or alkyl sulfonates. Such reactions of metal enolates derived from ketones, 1) esters, 2) and b-keto esters 3) with alkyl halides afford a mixture of mono-, di-and poly-alkylated products, even when one equivalent each of base and alkylating reagent are used. For example, O-monobenzylated, Cmonobenzylated and C-dibenzylated products (5 : 45 : 50) were obtained by benzylation of ethyl acetate with benzyl bromide in dimethyl sulfoxide.
Alkylation of metal enolates is one of the most fundamental and frequently used reactions in organic synthesis. This reaction is generally accomplished by treating various metal enolates with alkylating reagents such as alkyl halides or alkyl sulfonates. Such reactions of metal enolates derived from ketones, 1) esters, 2) and b-keto esters 3) with alkyl halides afford a mixture of mono-, di-and poly-alkylated products, even when one equivalent each of base and alkylating reagent are used. For example, O-monobenzylated, Cmonobenzylated and C-dibenzylated products (5 : 45 : 50) were obtained by benzylation of ethyl acetate with benzyl bromide in dimethyl sulfoxide. 4) C-Alkylation of active methylene compounds with alcohols has recently been accomplished in a redox reaction system by Mitsunobu-type reactions, 5) and Tsunoda and coworkers 6) have also reported efficient methods for alkylation of active methylene compounds. However, with benzyl alcohol, it is reported that the concomitant double alkylation and/or an ether forming-reaction takes place. 7) Thus, it is important to develop an efficient approach to this type of reaction, since C-monobenzylation of enolates is an important area of synthetic organic chemistry.
The ratio of C-or O-alkylation strongly depends on the nature of the alkylating reagent. Alkoxydiphenyl sulfonium species are known as efficient alkylating reagents in reactions with carbon nucleophiles. Similarly, sulfonium salts derived from dialkylsulfoxides and trifluoromethanesulfonic anhydride have been utilized previously in Swern-type oxidation, 8) sulfilimine synthesis, 9) and glycosylation reactions. 10) Here, we describe a facile one-pot C-benzylation using trifluoromethanesulfonic anhydride and diphenyl sulfoxide.
11)

Results and Discussion
Generation of an alkoxy sulfonium intermediate was first attempted using the bromodiphenyl sulfonium salt derived from diphenyl sulfide and bromine (Chart 1); that is, 1.0 eq of bromine was added to diphenyl sulfoxide in dichloromethane at Ϫ78°C. After stirring the mixture for 10 min, 4-methoxybenzyl alcohol and freshly-prepared sodium enolate of dimethyl malonate were continuously added, followed by slow warming to room temperature. However, the desired product was not obtained. We have previously reported that diphenyl sulfide bis(trifluoromethanesulfonate) reacts with styrene to generate the corresponding active sulfonium intermediate, which in turn reacts with amines to afford aziridines or b,g-unsaturated amines. 12, 13) Therefore, formation of an alkoxy diphenyl sulfonium intermediate was anticipated upon treatment of an alcohol with diphenyl sulfide bis(trifluoromethanesulfonate). Initially, reaction of 4-methoxybenzyl alcohol with sodium dimethyl malonate was studied as a model system; that is, the diphenyl alkoxy sulfonium intermediate was generated by adding 1.2 eq of 4-methoxybenzyl alcohol to a mixture of trifluoromethanesulfonic anhydride and diphenyl sulfoxide in tetrahydrofuran (THF) at Ϫ78°C. After stirring the mixture for 30 min, 3.0 eq of freshly-prepared sodium enolate of dimethyl malonate was continuously added and then the reaction mixture was slowly warmed to room temperature. After aqueous work up, dimethyl (4-methoxybenzyl)malonate was obtained in 35% yield (Chart 2).
In order to improve the efficiency of the reaction, optimization of the reaction conditions was attempted. First, the effects of various solvents were examined (Table 1) . When solvents such as MeCN, CH 2 Cl 2 , hexane and dimethylformamide (DMF) were used, the desired product was not de-tected. Similar results were obtained when ethereal solvents such as Et 2 O and t BuOMe were used. In contrast, the reaction proceeded smoothly when toluene was used as solvent, and the desired product was obtained in 57% yield (Entry 6). During this reaction, TfOH was generated as the reaction of the diphenyl sulfonium intermediate and 4-methoxybenzyl alcohol progressed. Thus, the reaction was examined in the presence of various bases, in order to capture TfOH as it was formed. The effects of these bases are shown in Table 2 . When solid bases such as cesium fluoride, cesium carbonate and potassium carbonate were used, the results were similar to the reaction carried out in the absence of base. Therefore, organic bases such as Et 3 N, 1,8-diazabicyclo [5.4 .0]undec-7-ene (DBU), and PhNMe 2 were chosen so that the reaction could be performed in a homogeneous system. However, only a trace amount of the desired product was detected with these bases. This indicates that preferential nucleophilic attack by the amine on diphenyl sulfide bis(trifluoromethanesulfonate) occurred faster than formation of the alkoxy diphenyl sulfonium intermediate, since these amine bases are more nucleophilic than alcohols. In order to reduce this effect, the reaction was performed using weaker amine nucleophiles, such as pyridine and 2,6-lutidine. With pyridine, the desired product was obtained in 77% yield, while a yield similar to that in the absence of bases was obtained with 2,6-litidine. Furthermore, the reaction proceeded smoothly to afford the C-benzylated product in an almost quantitative yield when proton sponge ® was used as a base, although the reasons for the particular effect of proton sponge ® remain unclear.
Next, the appropriate amount of nucleophile was examined (Table 3 ). Yields were lowered by decreasing the amount of nucleophile, and at least 3.0 eq of nucleophile were necessary for preparation of the desired product in high yield. This result indicates that the nucleophiles are protonated by TfOH trapped with the base and by excess benzyl alcohol. In all cases, dibenzylated and O-benzylated products were not detected under these conditions.
The effects of alcohols and nucleophiles were then examined under the optimized reaction conditions. The effects of benzyl alcohol substituents were examined using the sodium enolate of dimethyl malonate as a model nucleophile (Table  4 ). All reactions were performed using the same reaction time, and it was found that various benzyl alcohols can be effectively employed in the reaction. For benzyl alcohols with electron-donating groups, the desired products were obtained in high yields (Entries 3-6). Furthermore, the corresponding C-benzylated products were obtained in good to high yields when benzyl alcohols with electron-withdrawing groups were used (Entries 8-12). In contrast, the desired product was not detected for a secondary benzyl alcohol such as 1-phenylethanol (Entry 13).
It was noted that the desired product was not detected when the reaction was carried out in the absence of diphenyl sulfoxide (Table 4 , Entry 2). This indicates that the reaction does not proceed via nucleophilic substitution of benzyl trifluoromethanesulfonate (generated from benzyl alcohol and trifluoromethanesulfonic anhydride) by the nucleophile.
Several nucleophiles were further examined (Table 5 ) and the desired products were obtained in excellent yields with b-keto esters (Entries 2, 3). When the sodium enolate of methyl cyanoacetate was used as a nucleophile, the corresponding product was obtained in good yield with 4.0 eq of nucleophile (Entry 4), and the sodium salt of (phenylsulfonyl)acetonitrile also worked effectively in the reaction (Entry 5). Similarly, the reaction proceeded smoothly with sodium enolates derived from various ketones, using 4.0-6.0 eq of nucleophile (Entries 6-9). Furthermore, a sodium enolate derived from a carboxylic ester also served as a nucleophile in the reaction, again using 4.0 eq of nucleophile (Entry 10).
Next, the effect of the counter cation in the metal enolates was investigated (Table 6 ). With lithium or potassium enolates generated from acetophenone, the desired product was obtained in 38% or 30% yields, respectively. In contrast, the reaction proceeded smoothly and afforded the desired product in good yield in the presence of a sodium enolate nucleophile. Finally, the reaction was attempted using other alcohols that were not simple benzyl alcohols. For example, phenethyl alcohol was used for alkylation of the sodium enolate generated from isopropyl acetate, but the corresponding product was not detected. To increase the reactivity of the alkoxy sulfonium intermediate, alkoxy dialkyl sulfonium salts of phenethyl alcohol and di-p-nitrophenyl or di-tert-butylphenyl sulfoxide were used, but the reaction did not proceed at all (Chart 3). This suggests that the reaction is limited to the primary benzyl alcohol at present (Table 4 , Entry 13). The reaction mechanism is assumed to be that shown in Chart 4. Initially, diphenyl sulfoxide is activated by trifluoromethanesulfonic anhydride to form a sulfonium complex A. Reaction of the benzyl alcohol with A in situ affords an active oxosulfonium trifluoromethanesulfonate B, which in turn reacts with a nucleophile to give the corresponding C-benzylated product. 478 Vol. 53, No. 5 
Conclusion
A new and efficient one-pot C-benzylation reaction of various sodium enolates was established using new benzylating reagents generated in situ from diphenyl sulfoxide, trifluoromethanesulfonic anhydride and benzyl alcohols. Further study of this type of alkylation reaction is currently in progress.
Experimental
All melting points were determined on a Yanagimoto micro melting point apparatus (Yanaco MP-S3) and were uncorrected. Infrared (IR) spectra were recorded on a Horiba FT 300 FT-IR spectrometer.
1 H-NMR spectra were recorded on a JEOL EX270 (270 MHz) spectrometer; chemical shifts (d) are reported in parts per million relative to tetramethylsilane. Splitting patterns are designed as s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad.
13 C-NMR spectra were recorded on a JEOL EX270 (68 MHz) spectrometer with complete proton decoupling. Chemical shifts are reported in parts per million relative to tetramethylsilane with the solvent resonance as the internal standard (CDCl 3 ; d 77.0 ppm). High-resolution mass spectra (HR-MS) were recorded on a JEOL-700T mass spectrometer. Elemental analyses were performed on vario EL III (elementar), DX-500 (DIONEX) and UV2200 (SHIMADZU). Analytical TLC was performed on Merck precoated TLC plates (silica gel 60 GF254, 0.25 mm). Silica-gel column chromatography was carried out on Merck silica gel 60 (0.063-0.200 mm). Preparative thin-layer chromatography (PTLC) was carried out on silica-gel Wacogel B-5F. Solvents were freshly distilled when dry solvents were needed. Other reagents were purchased from Tokyo Kasei Kogyo, Kanto Chemical, Aldrich Chemical or Merck, and were used after purification by distillation or recrystallization.
Typical Experimental Procedure for Benzylation of Enolates The experimental procedure (Table 4 , Entry 3) is described: to a stirred solution of diphenyl sulfoxide (0.20 mmol) in toluene (1.0 ml) under an argon atmosphere was added a trifluoromethanesulfonic anhydride (0.20 mmol) at Ϫ78°C. After stirring for 30 min a solution of 4-methoxybenzyl alcohol (0.24 mmol) and proton sponge ® (0.24 mmol) in toluene (0.8 ml) was added, and the reaction mixture was stirred for further 30 min. Fleshly prepared sodium salt 14) of dimethyl malonate dissolved in THF (0.4 M, 1.5 ml) was added and the reaction mixture was slowly warmed up to room temperature. After stirring for 2 h, the reaction mixture was quenched with water (5 ml) and the aqueous layer was extracted with ethyl acetate (30 ml). The organic layers were collected and dried (MgSO 4 ). After filtration and evaporation of the solvdent, the resulted residue was purified by preparative TLC to afford compound 1 in 97% yield as a colorless oil.
Dimethyl (4-Methoxybenzyl)malonate (1) 
